Background and Purpose-Functional connection between the motor cortex and muscle can be measured by electroencephalogram-electromyogram (EEG-EMG) coherence. To evaluate the functional connection to muscle between contralateral and ipsilateral motor cortices after pyramidal tract lesions, we investigated 6 patients with chronic subcortical stroke. Methods-High-resolution EEG and EMG of the hand, forearm, and biceps muscles were recorded during 3 tonic contraction tasks: (1) elbow flexion, (2) wrist extension, and (3) power grip. To evaluate the cortical control of EMG, EEG-EMG coherence was computed. Results-EEG-EMG coherence was localized over the contralateral sensorimotor area in all circumstances, and there was no significant coherence at the ipsilateral side. EEG-EMG coherence was significantly smaller on the affected side for the hand and forearm muscles but not for the biceps muscle. Conclusions-All direct functional connections to muscle after recovered subcortical stroke come from the contralateral motor cortex. The different effects of the lesion on the proximal and distal muscles appear to be associated with the strength of the corticospinal pathway.
I mproved motor function can be observed in patients with stroke. Previous human studies using PET, functional MRI, transcranial magnetic stimulation, or EEG suggested the possible recruitment of the ipsilateral motor cortex or other secondary motor areas as potential mechanisms of recovery in patients with prior strokes. [1] [2] [3] [4] [5] [6] [7] The exact role of the ipsilateral motor cortex in controlling the muscle activity, however, is not yet fully understood. In this study, we investigated the corticomuscular coherence in patients with subcortical pyramidal tract lesions to clarify the changes in corticomuscular connection that might occur after brain injury associated with stroke.
During a tonic muscle contraction, functional coupling between the cortex and muscle can be measured by the coherence between cortical oscillatory activity and electromyogram (EMG). 8 -11 This coherence is spatially localized over the contralateral primary sensorimotor area and is observed mainly within the frequency range of 14 to 50 Hz. In a previous study using the human EEG, 12 we showed that the EEG leads the EMG with a constant short time lag that depended on the corticomuscular distance, suggesting that EEG-EMG coherence is associated with the cortical control of the grouped motor unit firing predominantly through the direct corticospinal pathway. Analysis of this EEG-EMG coherence can provide a useful tool for understanding the corticomuscular functional connection in stroke recovery. In the present study, we selected only long-term patients with good recovery to evaluate the EEG-EMG coherence during the same task for the affected and unaffected sides.
Subjects and Methods

Patients
Six patients (mean age 63 years, range 53 to 72 years, 1 woman, 5 men) with chronic right hemiparesis were involved in the present study. All patients were right-handed as assessed with the Edinburgh questionnaire (mean laterality quotient 0.88 [0.6 to 1]). 13 All patients suffered from a pure motor paresis after a left subcortical infarction with no somatosensory symptoms clinically. There was no history of prior stroke with sensory or motor deficits. The mean time after stroke onset was 4.3 years (range 1 to 9 years). All patients suffered from a severe hemiparesis (no or minimal movement, no antigravity effort) at the acute stage. At the time of the experiment, the patients had recovered well and showed only mild hemiparesis (mild drift during the arm extension and disturbance of the fine finger movements), except for patient 2, who had difficulty in maintaining wrist extension. MR images of the brain showed small lacunar infarctions in the left pons (patient 6), globus pallidus (patients 1 and 3), internal capsule (patients 1, 2, 3, 4, and 5), or corona radiata (patients 2 and 4). Three patients had a small additional infarction in the left cerebellum (patient 2), right thalamus (patient 1), and right putamen (patient 3). Patients did not take any special medications, such as antiepileptic drugs or tranquilizers. The protocol was approved by the Institutional Review Board, and patients gave their written informed consent for the experiments.
Methods
To assess the cortical control of EMG activity, EEG-EMG coherence was computed during weak tonic contraction tasks: (1) elbow flexion (biceps muscle contraction), (2) wrist extension (extensor carpi radialis [ECR] muscle contraction), and (3) power grip using all digits. For the elbow flexion and wrist extension tasks, subjects were instructed to keep a light static contraction by performing the tasks against gravity. To make wrist extension of the affected (right) side easier, patients held a soft sponge ball in their task-performing hand. Therefore, the wrist extension task in the present study was partly realized by a cocontraction of wrist extensor and flexor muscles. To achieve intrinsic hand muscle contraction, the power grip task was applied because it was easy to perform with the affected hand. For the power grip task, the maximal grip power was measured with a force transducer. Then subjects were instructed to keep the constant force level at 10% to 20% of the maximum force with the aid of the visual feedback from the force transducer. Patients were instructed to avoid mirror movements during tasks, and the EMG at the contralateral side was monitored.
Recording and Analysis
The sequential order of tasks was randomized among patients. The EEG and EMG signals were recorded for a total of Ϸ5 minutes, with 1 or 2 short breaks during the session to avoid fatigue. The EEG signals were recorded with a linked-earlobe reference from 56 electrodes mounted on a cap (Electro-cap International Co), which were arrayed according to the extended international 10-20 system. Surface EMG was recorded from the right and left biceps muscle during the elbow flexion task, the right and left ECR and flexor carpi radialis muscles during the wrist extension task, and the right and left opponens pollicis (OP) and first dorsal interosseous (FDI) muscles during the power grip task. EMG signals were rectified to extract the timing information of muscle action potentials. 14 EEG and EMG signals were filtered at a bandpass of 1 to 200 Hz and digitally converted at a sampling rate of 1000 Hz (Neuroscan, Neuroscan Inc). Electrode impedance was kept below 5 k⍀. To increase the spatial resolution of EEG signals, the current source density function of the EEG signal was computed by use of the dipole derivation utility of the Neuroscan software. Details of the parameters for this computation have been reported previously. 10, 12 Surface EMG was used to record the aggregate muscle action potentials. 15 The EMG over OP could be contaminated by other thenar muscle activity. This lack of selectivity should have little impact, however, on the comparison between muscle groups (proximal versus distal).
EEG and EMG signals were segmented into artifact-free epochs of 1024 ms in duration without overlapping (mean 172 epochs, range 150 to 200 epochs). To measure the linear correlation between EEG and EMG, coherence was calculated with a fast Fourier transform algorithm with a frequency resolution of 0.98 Hz, according to the following equation:
In this equation, f xx (i) and f yy (i) are autospectra of the EEG and EMG signals, x and y, for a given frequency (i), and the f xy (i) is the cross-spectrum between them. Coherence is expressed as a real number between 0 and 1, with 1 indicating a perfect linear association. EEG-EMG coherence was considered significant when it was Ͼ95% confidence limits computed from the number of epochs (epochs 150 to 200; limit 0.020 to 0.015). The EEG electrode having the highest EEG-EMG coherence was selected for further analysis. Coherence was normalized by use of the arc hyperbolic tangent transformation and statistically compared by ANOVA. 14 The frequency range of 3 to 50 Hz, covering most of the scalp-recorded EEG power spectra, was the subject of further analysis. In addition to the peak coherence value, the number of frequency bins that showed significant coherence was also statistically compared.
Results
The mean maximal forces produced by the power grip task were 13.5Ϯ8.6 and 17.3Ϯ5.9 (meanϮSD) kg for the affected (right) and unaffected (left) sides, which were significantly different (PϽ0.05).
A typical example of EEG and EMG power spectra and EEG-EMG coherence spectra for 1 patient is shown in Figure 1 . The topographic distribution of EEG-EMG coherence showed the highest significant coherence between EEG and EMG over the frontocentral area contralateral to the task side (either FC3/4, FC1/2, C3/4, C1/2, CP3/4, or CP1/2, depending on the patients and tasks, Figure 2 ). There was no significant stable EEG-EMG coherence over the ipsilateral frontocentral area. Cortical representation of biceps, ECR, and OP muscles largely overlap with each other, and the peak locations are not significantly different (Pϭ0.843).
For the peak coherence (Table) , the main effect of side and the interaction between side and task were significant (PϽ0.01 and PϽ0.05, respectively). For the number of bins, the main effects of side and task were significant (PϽ0.001, PϽ0.001, respectively), and their interaction was also significant (PϽ0.001). For the peak frequency, the main effects of task and side were not significant (Pϭ0.519 and Pϭ0.578, respectively). Therefore, the Figure 1 . a, The EEG (C3) and EMG (OP muscle) power spectra at the affected (blue line) and unaffected (red line) sides in patient 2 during the power grip task (nϭ170 and 182, respectively). EMG power at the affected side is slightly smaller than that at the unaffected side. The general spectral pattern is similar, however, for both sides. b, The EEG-EMG coherence spectra at the affected (blue line) and unaffected side (red line) in the same patient. The gray horizontal line indicates the 95% confidence limit. Significant EEG-EMG coherence is observed only at the unaffected side (peak 11 Hz).
effect of side on peak coherence and that of the number of bins were separately assessed for 3 tasks (Figure 3 , Table) . For the elbow flexion task, the effect of side on coherence and number of bins was not significant (Pϭ0.127, Pϭ0.191, respectively). For the wrist extension and power grip tasks, the effect of side was significant (coherence PϽ0.05 and PϽ0.05, number of bins PϽ0.05 and PϽ0.001, respectively).
The results of the coherence analysis in patients 1 and 3, who were found to have additional lesions in the right hemisphere (no clinical symptoms), were similar to those in the other patients.
Discussion
The results of the present study show changes in EEG-EMG coherence after the alterations of the central motor pathway due to stroke. We selected patients with subcortical lacunar stroke because the morphological structure of the sensorimotor cortex is mostly preserved in these patients.
We found a significant reduction in EEG-EMG coherence for the OP and ECR muscles on the affected side, suggesting that the central motor pathway is necessary for the generation of EEG-EMG coherence during tonic contraction. This coherence difference cannot be attributed to the difference in the produced force, because EEG-EMG coherence is not affected by the magnitude of force at the mild to moderate level. 16 Because the patients suffered from a pure motor paresis without sensory symptoms, it is highly likely that EEG-EMG coherence conveys the central motor command but not the sensory afferent feedback. This result is predictable, given the positive time delay from the cortex to the muscle in normal volunteers. 11, 12, 17, 18 The finding also agrees with the previous study, 12 which Figure 2 . Scalp topography of the EEG-EMG coherence in patient 4. The frequency with the peak coherence is selected for each task to show the distribution. Coherence value below the 95% confidence limit (0.02) is set to black for the construction of the map. EEG-EMG coherence is localized over the contralateral sensorimotor area and was larger at the unaffected side. In this patient, there is a tendency that the coherence at the affected side is more anteriorly and medially located than that at the unaffected side. Figure 3 . Top, Comparison of the peak EEG-EMG coherence between the affected and unaffected sides for 3 tasks. Normalized (arc hyperbolic tangent transformed) coherence is shown (meanϮSEM). For the wrist extension and power grip tasks, coherence for the affected side is significantly smaller than that for the unaffected side. Bottom, Comparison of the number of frequency bins that showed the significant EEG-EMG coherence between the affected and unaffected sides for 3 tasks (meanϮSEM). For the wrist extension and power grip tasks, coherence for the affected side is significantly smaller than that for the unaffected side. Number of bins
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showed the absence of an interference effect of somatosensory stimuli on EEG-EMG coherence. Large-scale brain plasticity, such as emergence or enhancement of the ipsilateral corticospinal connection, has been reported to occur in hemispheric lesions in early childhood. 3 In the present study, however, there was no evidence favoring the enhancement of the ipsilateral pathway to the muscle in terms of EEG-EMG coherence. The topographic distribution of significant EEG-EMG coherence on the affected side was essentially the mirror image of that on the unaffected side, with a smaller coherence estimate. This divergence might be partly explained by the difference in patient population, because only adult patients with mean poststroke duration of 4.3 years were involved in the present study. The functional role of the ipsilateral corticomotoneuronal connection is still controversial, because previous studies using transcranial magnetic stimulation reported that the ipsilateral EMG responses from the unaffected hemisphere did not correlate with clinical recovery. 19 -21 If the ipsilateral connection comes into play only when the contralateral connection fails, it is reasonable that those patients with good recovery recruited in the present study showed little or no ipsilateral EEG-EMG coherence. It is possible, however, that the ipsilateral (unaffected) sensorimotor cortex aids in motor control of the affected side through corticocortical connections or polysynaptic pathway, 4,22 which might not make a large contribution to the generation of EEG-EMG coherence because of jittering.
Another possible recovery mechanism may involve the nonprimary motor cortical areas. 21 In the present study, some patients showed a tendency that the EEG-EMG coherence peak for the affected side was more anteriorly and/or medially located than that for the unaffected side, as shown in Figure 2 . This finding might indicate the possible contribution of lateral and/or medial premotor area muscle control, which has been suggested by PET studies. [23] [24] [25] Recent electrocorticographic study showed the contribution of the medial premotor area for the generation of this coherence. 26 Differentiation of primary motor and premotor activity might be difficult, however, because of the limited spatial resolution of the EEG technique. The clear significant reduction of coherence on the affected side suggests that this compensation associated with the nonprimary motor areas, if any, does not contribute that much to generation of EEG-EMG coherence.
Clinically, it is well known that the distal hand muscles are more severely affected than the proximal muscles in patients with lacunar stroke. This pattern is also true for recovery from acute stroke; the motor functions of the shoulder and elbow return first. The exact underlying mechanism is not known but is probably associated with the strength of the descending direct corticospinal pathway. 19, 27 This clinical recovery pattern agrees with the electrophysiological finding that EEG-EMG coherence on the affected side is smaller than that on the unaffected side for OP and ECR muscles but not for the biceps muscle. Because the present study was performed on chronic stroke patients, however, it is not clear whether this apparently normal EEG-EMG coherence at the proximal muscle was caused by cortical reorganization or whether the preserved corticospinal tract for the biceps muscle caused the normal EEG-EMG coherence and the good recovery. The present results based on 6 stroke patients might be considered preliminary, and further studies will be needed for us to fully understand the recovery mechanism.
